INTRODUCTION
Generic plasmid DNA vectors containing a classical promoter, coding sequence, and polyadenylation signal (polyA) are often used for expressing therapeutic, reporter, or proteins of interest in a myriad of cells and tissues. Even in quiescent tissues in which plasmid DNA levels remain static, transgene expression is transcriptionally extinguished over a period of several weeks. We have previously referred and defined this as transcription silencing. 1 Having explored the mechanism of transcriptional silencing in the mouse liver following hydrodynamic injection, we have found that CpG content and DNA methylation have little or no influence in transcription silencing. 2 Instead, the length of the DNA outside of the eukaryotic expression cassette (between the 5 0 end of the promoter and the 3 0 end of the poly A site) was determined to be a critical factor that dictates transcriptional silencing in this system. 1, 3 Silencing begins to be observed with $1 kb or more of backbone DNA, even if the bacterial plasmid DNA sequences are replaced with random DNA sequences. 1 These observations led to the production of alternative plasmid vectors commonly referred to as minicircle DNAs (MCs) [4] [5] [6] [7] [8] [9] (devoid of a bacterial backbone) or mini-intronic plasmid DNAs (MIPs), 3 in which the bacterial components required for plasmid propagation in bacteria are engineered into the mammalian expression cassette. However, each of these products requires additional steps and/or specific reagents for their production.
Previous work has shown nucleosomal patterns to be a key element in the establishment and maintenance of silenced chromatin. 10 A set of An/Tn sequence motifs is known to substantially modify nucleosomal positioning and mobility. 11 The An/Tn tracts are thought to decrease the structural stability to the basic 147-bp nucleosome core wrapped around a histone octamer, which allows for greater accessibility of RNA polymerase II (RNAPII) complexes. [11] [12] [13] [14] [15] [16] [17] Such sequences, sometimes referred to as nucleosome exclusion but perhaps more appropriately as nucleosome relaxation or loosing, remain a mystery in terms of their mode of action.
Certain sequences with a high content of An/Tn segments have been shown to counteract silencing in an invertebrate system, 18 although we note that the particular sequences used in the nematode system involved shorter An/Tn segments and a phased occurrence rather than the longer An/Tn runs described as exclusionary in vertebrate and yeast systems.
As part of our efforts to further explore plasmid-mediated transgene silencing, we asked if the addition of short An/Tn tracts would influence plasmid-mediated transgene expression. Ultimately, we used the results of these experiments to design sequence-modified bacterial antibiotic resistance genes to abrogate transcriptional silencing, providing prolonged transgene expression from canonical plasmid vectors in vivo.
RESULTS

Increasing An/Tn Sequence Composition in Plasmid Bacterial Backbone Abrogated Plasmid-Mediated Transcriptional Silencing In Vivo
In order to establish how the sequences outside of the canonical eukaryotic expression cassette affect plasmid-mediated transgene expression, we replaced the bacterial plasmid backbone with a 2.2 kb random DNA (RD) fragment using minicircle DNA technology (Figure 1) . To study how the An/Tn motifs affected transgene expression, we cloned a stretch of 20 "T" nucleotides into every 60 bp of the RD sequence (RD-An/Tn) ( Figure S1 ) and then compared these vectors for transgene expression in a mouse liver.
Plasmids consisting of the human alpha 1-antitrypsin (hAAT) cDNA driven by the Rous sarcoma virus (RSV) promoter containing the RD or RD-An/Tn fragment cloned in either direction were delivered into the livers of 6-to 8-week-old C57BL/6J mice by hydrodynamic transfection ( Figures 1A and 1B) . A conventional plasmid vector (pRHB) and minicircle vector (MC.RHB) were used as the silencing and nonsilencing controls, respectively. Transgene expression monitored by serial serum hAAT measurements is shown in Figure 1B . We followed transgene expression levels over time. Generally, by 3 to 5 weeks after infusion, the steady-state expression level is observed. To ensure steady-state conditions, we used the 2-month time point (day 63 or later if the results for day 63 were not available) for statistical comparisons ( Figure 1B) . The RD backbone containing and canonical plasmids were quickly silenced, whereas the RD-An/Tn backbone containing and canonical minicircles resulted in sustained expression levels. We found that the effect on transgene expression was independent of the orientation of the backbone DNA ( Figures 1A and 1B) and that even when two copies of the RD-An/Tn segment (4.4 kb) were used to replace the plasmid backbone, the transgene expression levels were maintained ( Figures 1C and 1D ). To establish these results were not dependent on the expression cassette, the RD-An/Tn backbone was also tested in a human Factor IX (hFIX) reporter system driven by the EF1-alpha promoter. Consistent with the previous results, the hFIX expression was sustained at high levels in minicircles containing the RD-An/Tn backbone ( Figures 1E and 1F ).
Plasmid Vectors Carrying An/Tn-Sequence-Modified Antibiotic Resistance Genes Provide Sustained Plasmid-Mediated Transgene Expression In Vivo
We hypothesized that perhaps optimizing the An/Tn content of canonical plasmids might result in vectors providing the same benefit of sustained transgene expression. Therefore, we engineered two antibiotic resistance genes commonly used in plasmid propagation vectors for maximal An/Tn content. The following rules were followed while modifying the sequences: (1) select the codons that incorporate more "An/Tn" but maintain the same amino acid sequence; (2) create as many "An/Tn" tracts as possible; (3) avoid RNAPII pause or cleavage/polyA-addition sequences, such as "AATAAA," "TTTATT," "AATAA," or "TTATT"; and (4) avoid the use of rare codons. About 30% of the kanamycin resistance gene bases were modified (J-Kan). After modification, the GC content dropped from 60.6% in wild type to 39.0% in J-Kan ( Figure S2A ). The codon adaptation index (CAI), a measure of codon usage bias, remained the same (Figure S2B) . Similarly, for the ampicillin resistance gene, the GC content dropped from 49.8% in wild type to 34.8% in J-Amp, with the CAI remaining nearly constant (0.67 from 0.63) after modification (Figures S3A and S3B ).
The plasmid vector with J-Kan sequences was compared in parallel with the plasmid vector containing the wild-type kanamycin resistance gene (Kan) sequences in animals for their abilities to sustain transgene expression. The incorporation of J-Kan sequences into the plasmid backbone resulted in enhanced duration of hAAT transgene expression in vivo to a level similar to that expressed from the corresponding minicircle vector and about six times higher than that expressed from a plasmid with wild-type Kan (Figures 2A and 2B) . Likewise, a plasmid (pRHB.pUC.J-Amp.J-Kan) with a modified "An/Tn" rich ampicillin resistance gene (J-Amp) was also able to maintain transgene expression to the same level as the minicircle vector and enhanced transgene expression to about ten times higher compared to the corresponding plasmid containing the wild-type ampicillin resistance gene pRHB.pUC.Amp.J-Kan ( Figures 2C and 2D ).
The modified antibiotic resistance genes did not alter the ability of the corresponding plasmids to be propagated in standard bacterial culture ( Figure 2E ). To make the modified plasmid suited for routine cloning of any expression cassette, we constructed universal cloning vectors (p.pUC.J-Kan and p.pUC.J-Kan.J-Amp) containing the multiple cloning sites (MCSs) ( Figure 2F ). The fact that nucleosome relaxation sequences allow for persistent expression led us to hypothesize that maintenance of transcription might require RNAPII activity to be maintained on the DNA plasmid templates. Recent studies have provided evidence of widespread divergent transcription at protein-encoding gene promoters. 19 It has been proposed that transcription factors must first nucleate a sense-oriented preinitiation complex at the transcription start site (TSS) but can initiate both sense and antisense-oriented transcription. 19 The RNAPII pauses at the AAUAAA hexamer in the polyA signal. 20, 21 RNAPII does not fall off the DNA template immediately upon reaching the hexamer. In many situations, RNAPII molecules present well over 1 kb downstream of the hexamer and continue to exhibit delayed progress down the template in vivo. 20 One possible source for a sustainable transcriptional state on the plasmid DNA would be a condition in which transcription would continue past the canonical expression cassette into the backbone, with the continuing transcription serving to keep the plasmid in an open (and accessible) chromatin configuration. To explore the distribution of plasmid-derived RNA transcripts within the plasmid sequence, we used reverse transcription and real-time PCR (RT-qPCR) to compare the entire transcription activities of silencing and non-silencing plasmid vectors.
In Figure 3A , separate primer pairs were designed to detect transcripts from the expression cassette and backbone regions of the pRHB.pUC.Kan and pRHB.pUC.J-Kan vectors. These two vectors were infused into the livers of 6-to 8-week-old C57BL/6J, and total liver RNA samples were extracted on day 1 and day 21 after infusion ( Figure 3B ). As shown in Figure 3C , and consistent with protein expression ( Figure 3B ), substantially higher hAAT mRNA concentrations from pRHB.pUC.J-Kan (non-silenced) versus pRHB.pUC.Kan (silenced) infused animals was observed on day 21 after infusion. Interestingly, both sense and antisense transcripts originating from the plasmid backbone regions were present. The non-silencing vector backbone (pRHB.pUC.J-Kan) generated significantly higher transcription activities at both sense and antisense orientations when compared with transcription from the silencing vector backbone (pRHB.pUC.Kan) on day 21 ( Figures 3D and 3E ).
The silencing MC.RHB.2.2kb RD and non-silencing MC.RHB.2.2kb RD-An/Tn vectors gave the same pattern of sense and antisense transcripts from the expression cassette and plasmid backbone (Figure S4) , as did the pRHB.pUC.Kan and pRHB.pUC.J-Kan vectors (Figure 3 ), respectively. This further supports the idea that the substitution of J-Kan for Kan overcomes silencing by the same mechanism as including nucleosome-relaxation sequences in the plasmid DNA backbone.
Incorporation of RNAPII Arrest Sites in Plasmid Backbone Silenced the Transgene Expression
To further provide support for the transcriptional dependence of the plasmid backbone sequences on persistence of transgene expression, we asked whether transcriptional pausing could alter expression profiles from the non-silenced plasmids. Transcription elongation by RNAPII does not proceed uniformly, and polymerase pausing is thought to be a mechanism to regulate transcription. RNAPII arrest sites identified by studies performed in cell-free systems are primarily localized across the coding region. Pause sites block a fraction of transcribing polymerases, making them unable to continue RNA synthesis. 22 In addition, RNAPII arrest sites function in an orientationdependent manner. 23, 24 Because pause sites are frequently located in the coding sequence, it has been difficult to manipulate and study them in living cells. In this system, we have the ability to place these sequences into plasmid backbones for in vivo study. We hypothesized that if the plasmid backbone transcription activities influence the expression of transgene, the incorporation of an RNAPII arrest site in the plasmid backbone of non-silencing vectors should block backbone transcription, causing silencing of the transgene expression cassette. To test this hypothesis, we incorporated the mammalian histone H3.3 RNAPII arrest site "TTTTTTTCCCTTTTTT" 25 into the non-silencing backbone sequence RD-An/Tn. This RNAPII arrest site was chosen because it contains a Tn sequence that is consistent with the RD-An/Tn design used in our experiments described above.
Because RNAPII arrest sites function in an orientation-dependent manner, one copy of the H3.3 RNAPII arrest site was first incorporated at different locations in the backbone at the antisense orientation ( Figure 4A ) to block backbone transcription in the antisense orientation and tested the expression profiles of these vectors in mice. We constructed vectors with this site at various distances from the RSV promoter. "MC.RHB.2.2kb RD-An/Tn Antisense 0.5kb," "MC.RHB.2.2kb RD-An/Tn Antisense 1.1kb," and "MC.RHB.2.2kb RD-An/Tn Antisense 1.5kb" had one copy of the H3.3 RNAPII arrest site incorporated into the backbone at the antisense orientation at 0.5 kb, 1.1 kb, and 1.5 kb away from the RSV promoter, respectively. As shown by protein expression in Figure 4B , transgene silencing was observed once the arrest site was placed further away from the promoter (1.1 kb and 1.5 kb) in the antisense orientation. Thus, the H3.3 RNAPII arrest site at certain positions in the backbone is capable of blocking backbone transcription and silencing transgene expression.
When one copy of the same RNAPII arrest site was incorporated into various locations of the backbone at the sense orientation, the transgene expression profile was not affected (Figures S5A and S5B ). However, when two copies of the H3.3 RNAPII arrest site were incorporated into the MC.RHB.2.2kb RD-An/Tn backbone in the sense orientation (0.7 kb and 1.7 kb away from polyA) ( Figure 4C ), transgene expression was silenced ( Figure 4D ). Nevertheless, pausing of antisense backbone transcription had a more substantial effect on transgene silencing, indicating weaker backbone transcription at the antisense orientation than at the sense orientation. Establishing this result was not just due to the specific sequences; a second An/ Tn-rich c-Myc RNAPII arrest site, "TTTTAATTTATTTTTTTAT," was also tested and found to give similar results ( Figures S5C  and S5D ). These results support the idea that transcription in both directions may be important for long-term maintenance of expression. [26] [27] [28] Finally, because polyA signals are efficient in inducing an RNAPII pause, one copy of 230-bp-long bpA was inserted into the RD-An/Tn backbone at each orientation ( Figure 5A ). As expected, that additional copy of bpA signal at either orientation in the RD-An/Tn backbone was sufficient to silence transgene expression ( Figure 5B ). Taken together, our data are consistent with the concept that maintaining non-canonical transcription from regions outside of the transgene expression cassette may indeed be required to maintain persistent expression.
DISCUSSION
The persistence of episomal vector-mediated transgene expression is dictated by a number of parameters. In the case of plasmid-mediated gene transfer, transgene expression is dependent on the length of the plasmid backbone makeup and, in some cases, the CpG content. Canonical plasmids have a high CpG content, which can trigger innate immune responses that promote the loss of the vector DNA. 2, [29] [30] [31] [32] However, the CpG-mediated loss of transgene expression is only observed when lipid-based vehicles are used for DNA delivery.
2,33
The hydrodynamic transfection without lipids used in this work avoids the innate response. 2, 33 Consistent with the expectation of a CpG-independent foreign DNA response and of identifying a means toward its mitigation, in the present study, we compared plasmids with or without AT-rich RNAPII arrest sites in their backbone regions (Figures 4, S5C, and S5D ). These plasmids have identical CpG content. However, the plasmids with RNAPII arrest sites in their backbone silenced transgene, whereas the plasmids without RNAPII arrest sites were able to sustain transgene expression. These results are consistent with our previous findings that CpG content has little or no influence in transcription silencing.
silencing. 1 Our experiments here show that including a high proportion of An/Tn in the plasmid bacterial backbone allows for the maintenance of transgene transcription, and this is associated with enhanced backbone transcripts. Because A-T base pairs have fewer hydrogen bonds than G-C base pairs, the An/Tn rich region requires fewer forces for unzipping the double-stranded DNA. 34 Such features can enhance the AT-rich region in bacterial replication origin to form replication complexes. 35 In terms of plasmid backbone transcription, a possible source of the observations would also come from an ability of An/Tn sequences to make the nucleosome unwinding easier for RNAPII through the backbone, permitting the RNAPII complex to remain on plasmid and continue to re-initiate transcription ( Figure 6 ). In the absence of sufficient An/Tn sequences, RNAPII could stochastically stall or pause, eventually falling off the plasmid DNA and leading to an unprotected DNA that could be silenced. We propose a model whereby the ability to maintain RNAPII on the DNA sequences outside of the expression cassette is the primary factor that determines transgene persistence ( Figure 6 ). If the DNA is unfavorable and RNAPII engagement is lost, then the plasmid vectors take on a "heterochromatic" chromatin state. 36 Expression of basally transcribed plasmid vectors would then persist under conditions in which euchromatic chromatin is the default state for transcribed DNA. However, further studies are required to establish the stepwise mechanism and whether the degree of RNAPII occupancy based on the backbone An/Tn sequence composition is the direct cause of plasmid-mediated transcriptional silencing.
The pEPI-1 vector that contains a chromosomal scaffold/matrixattached region (S/MAR) has been shown to have a major influence on transcriptional rate and might influence plasmid DNA replication when tightly associated with the nuclear matrix. [37] [38] [39] The matrixassociated regions (MARs) are defined as AT-rich DNA sequences that are preferentially retained by the nuclear matrix. 40, 41 This raises a question of whether the An/Tn-rich backbone sequences would serve as MAR elements. Arguing against this as the primary mechanism are observations in which the insertion of an RNAPII arrest site resulted in plasmids that are identical, except for the insertion of this site (RD-An/Tn backbone with and without the RNAPII arrest site; Figures 4, S5C, and S5D ). The plasmid with an RNAPII arrest site has an even higher content of An/Tn sequences, and both of these backbones should have the potential to serve as MARs. However, our results demonstrate that the RD-An/Tn backbone with RNAPII arrest site silences transgene expression (Figures 4, S5C, and S5D ). These data point away from a single protective element (such as a MAR) in sustaining plasmid function in this system, leading us to the working model of continuous baseline transcription as a major determinant for sustained activity.
To be suitable in molecular engineering applications, plasmid vectors would need to be stable for amplification in bacterial hosts. Although certain unusual sequences can affect growth or integrity in E. coli (such as GT-rich "recombinant islands" that locally increase the RecA-mediated DNA recombination 42 ), we found no evidence that the modified antibiotic resistance genes (J-Kan and J-Amp) described in this study had any such effects. Indeed, experiences in construction, growth, yield, and homogeneity of the expression clones based on the J-Kan and J-Amp vectors were comparable to our extensive experiences with the parental pUC vectors.
In our study, all vectors were infused into C57BL/6J mice through hydrodynamic tail vein injection. The data collected through our experiments thus only represent plasmid expression levels from the mouse livers. Although additional testing in other tissues will be required for evaluation of suitability for diverse tissue types, there is a precedent for generalization of anti-silencing effects beyond liver and hydrodynamic injection. [43] [44] [45] Importantly, we applied our mechanistic findings to make a canonical plasmid that is resilient to transcriptional silencing. Our previous approaches to enhance transgene expression used minicircle 4 or MIP 3 plasmid vector technology. Although each of these have their advantages, the fact that special DNAs, bacterial cell lines, and/or purification schemes were required limited their use by some laboratories as well as limited their production in large-scale manufacturing protocols. The reagents described in this study will be beneficial to many in order to optimize transgene expression studies.
MATERIALS AND METHODS
Materials
The RD-An/Tn and modified J-Kan and J-Amp sequences were synthesized by Thermo Fisher Scientific. A SacI site and an XbaI site were incorporated to the 5 0 and 3 0 sequences of J-Kan, respectively. An XbaI site was incorporated to both the 5 0 and 3 0 sequences of J-Amp.
Vector Construction pRHB and MC.RHB were previously described. 3, 4 To generate vectors using synthesized RD-An/Tn sequence and Random DNA sequence as backbone, minicircle vectors MC.RHB.2.2kb RD-An/Tn and MC.RHB.2.2kb RD were created. Because neither RD-An/Tn nor RD is able to support DNA replication and selection in bacterial host strains, conventional plasmid vectors are not suitable for our purpose. The RD-An/Tn sequence was inserted into the SpeI site of minicircle MC.RHB, producing parental plasmid on both orientations. The resulting minicircle parental plasmids were further prepared into minicircle vectors MC.RHB.2.2kb F-RD-An/Tn (forward) and MC.RHB.2.2kb B-RD-An/Tn (backward). The RD sequence was also inserted into the SpeI site of minicircle MC.RHB, producing parental plasmid to produce MC.RHB. 
Animal Studies
6-to 8-week-old female C57BL/6J mice purchased from Jackson Laboratory were used for DNA or rAAV vector infusion. To ensure the same molar amount of DNA was injected into each animal, 3.63 mg/kb DNA was used for various sized constructs. Each DNA construct was diluted into 1.8 mL of 0.9% NaCl for each animal, and was delivered through hydrodynamic tail vein injection. After www.moleculartherapy.org infusion, blood samples were collected periodically by a retro-orbital technique. The serum hAAT and the plasma hFIX levels were quantified by ELISA measurements. All animal studies performed within this paper were oversighted by the Stanford review board.
ELISA
ELISA for hAAT and hFIX was performed as previously described 46 with the following antibodies: goat anti-human alpha-1 antitrypsin primary antibody at 1:1,000 (Strategic Biosolutions S0311G000-S4), goat pAB to alpha-1 antitrypsin (HRP) (Abcam ab7635), mouse anti-human F9 IgG primary antibody at 1:1,000 (Sigma F2645), and polyclonal goat anti-human F9 peroxidase-conjugated IgG secondary antibody at 1:4,200 (Enzyme Research GAFIX-APHRP). The detection limit of ELISA for hAAT and hFIX under our experimental condition is 1 ng/mL, and the background for non-infused negative control mouse serum is zero.
RT-qPCR
Liver samples of animals tested in Figure 3B were used for RT-qPCR experiments in Figures 3C-3E . Liver total RNA samples were extracted by using the mirVana miRNA Isolation Kit (Ambion). 5 mg of total RNA of each sample was used to generate cDNA through the SuperScriptIII First-Strand Synthesis System for RT-PCR (Invitrogen). The RT1 primer 5 0 TTACCAGTGGCTGCTGCCA 3 0 was used to amplify short antisense backbone transcripts. The RT2 primer 5 0 CAGGCATGCTGGGGATGCGGT 3 0 was used to amplify long antisense backbone transcripts. The RT3 primer 5 0 CGCCGCATTG CATCAGCCAT 3 0 was used to amplify short sense backbone transcripts. The RT4 primer 5 0 ATACCTGTCCGCCTTTCTCC 3 0 was used to amplify long sense backbone transcripts. The standard OdT was used to amplify hAAT and actin cDNA. 5 mL of each cDNA product was further used for each 20 mL qPCR reaction. qPCR was performed by using the QuantiFast SYBR Green PCR Kit (QIAGEN) with the Corbett Research RG6000 PCR instrument (Corbett Research). Forward primer (qPCR2) 5 0 AAGGCAAATGGGAGA GACCT 3 0 and reverse primer (qPCR1) 5 0 TACCCAGCTGGAC AGCTTCT 3 0 oligos were used to amplify about a 150 bp fragment from the hAAT cDNA region. 
